Introduction {#s01}
============

Inward rectifier potassium (Kir) channels are distinct from voltage-gated K^+^ (K~V~) channels because they are constitutively open at membrane potentials around the K^+^ equilibrium potential (*E*~K~). Canonical inward rectifiers in their native tissues exhibit "strong" inward rectification, with little outward current during depolarization. This is because their conductance declines steeply with membrane depolarization or with increasing deviation of the membrane potential from *E*~K~ (*V* − *E*~K~; [@bib21]). This property of strong inward rectifier K^+^ (sKir) channels is crucial for background K^+^ conductance in excitable tissues, such as the myocardium, because it allows the K^+^ conductance to maintain a very negative resting potential, near *E*~K~, and enables prompt and long-lasting depolarization and, hence, rapid conduction of excitation and coordinated cardiac contraction ([@bib48]).

Structurally, Kir channels are two-transmembrane domain channels, which lack voltage sensors like those of six-transmembrane domain K~V~ channels ([@bib33]; [@bib59]). The strong inward rectification arises from voltage-dependent pore blockade by cytoplasmic cationic polyamines ([@bib48]). Using Kir2.1, a representative member of the Kir2 subfamily that recapitulates the properties of native sKir channels ([@bib33]), the molecular mechanisms underlying the sKir channel blockade by polyamines have been studied extensively ([@bib58]; [@bib63]; [@bib32]; [@bib14]; [@bib15]; [@bib60]; [@bib25]; [@bib12]; [@bib26]), although many aspects of those mechanisms remain obscure ([@bib61]; [@bib35]). Importantly, when the external K^+^ concentration (\[K^+^\]~out~) is varied, the voltage dependence of the inward rectification (i.e., polyamine block) shifts with changes in *E*~K~ ([@bib33]; [@bib37]; [@bib26]), as has been reported for the native sKirs ([@bib16]; [@bib20]). This implies that K^+^ ions are themselves involved in the channel blockade induced by polyamines ([@bib37]; [@bib54]), although the rectification and polyamine block are reportedly dependent on external K^+^ but not much on internal K^+^ ([@bib17]; [@bib31]; [@bib37]).

sKir channels also exhibit another important external K^+^ dependence; that is, the open (polyamine-unblocked) channel conductance determined from macroscopic and single-channel currents is proportional to \[K^+^\]~out~ with a power of 0.2--0.6 ([@bib16]; [@bib51]; [@bib52]; [@bib43]; [@bib33]). Although this "square root" proportionality of the sKir conductance to \[K^+^\]~out~ may not be qualitatively surprising for the inward K^+^ flux, it is also applicable to the outward K^+^ conductance ([@bib16]; [@bib22]), which has a significant role in regulating the action-potential duration within the myocardium ([@bib53]; [@bib48]; [@bib47]) and is a determinant of cardiac contractility ([@bib4]) and arrhythmogenicity ([@bib29]; [@bib42]; [@bib1]). The involvement of external K^+^ in the mechanism underlying this property has remained uncertain; however, an interaction between K^+^ and the outer mouth of sKir channels may have a functional role in enhancing K^+^ permeation ([@bib7]; [@bib5]). In fact, a similar function of external K^+^ is known to mediate C-type inactivation in the K~V~ family channels ([@bib39]; [@bib2]; [@bib24]).

Here, we studied the mechanisms governing the complete inhibition of sKir currents under the external K^+^-free condition and square-root proportionality of open (polyamine-unblocked) sKir channel conductance to \[K^+^\]~out~ using Kir2.1. The phenomenon in which cardiac sKir currents are completely inhibited by extracellular K^+^-free solutions has been used to isolate sKir currents ([@bib46]; [@bib27]; [@bib62]). Although the outward currents at 0 \[K^+^\]~out~ may be inhibited by its strong inward rectification, which depends on *V* − *E*~K~, it was not known whether the currents can flow through the polyamine-unblocked sKir channels at 0 \[K^+^\]~out~. We show that outward currents concordant with K^+^ efflux were observed using external K^+^-free solution with Kir2.1 mutants (E224G and E299S) showing reduced sensitivity to polyamines and with WT channels when internal polyamine-free solution was used. Furthermore, those outward currents were completely blocked by cytoplasmic spermine at a concentration that restores the native degree of sKir rectification in the presence of external K^+^. The findings indicate that the shift in the voltage dependence of the polyamine block, in parallel with the negative shift in *E*~K~, produces complete inhibition of outward currents through Kir2.1 at 0 \[K^+^\]~out~ and that the lack of external K^+^ does not inhibit the outward currents through Kir2.1. We further show that open conductance of Kir2.1 does not notably change over a \[K^+^\]~out~ range between 10 and 150 mM in the absence of external Na^+^ but is competitively inhibited by external Na^+^ in a voltage-dependent manner---i.e., at a site within the pore. Our results reveal that pore blockade by impermeant cations mediate the apparent external K^+^ dependence of open sKir channel conductance and provide a simple, mechanistic explanation for the basic property of sKir channels, which is related to cardiac physiology and pathophysiology.

Materials and methods {#s02}
=====================

Cell culture and transfection {#s03}
-----------------------------

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's modified Eagle's medium and supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 µg/ml). HEK293T cells were cotransfected using Effectene (QIAGEN), with the cDNA encoding mouse Kir2.1 ([@bib33]), which was subcloned into the pCXN2 expression vector ([@bib49]; [@bib28]) and that encoding enhanced GFP, enabling transient expression of the genes ([@bib26]). Mouse L cells stably expressing the mouse Kir2.1 gene ([@bib28]) were cultured in Dulbecco's modified Eagle's medium, supplemented with 5% FBS, penicillin (100 U/ml), streptomycin (100 µg/ml), and G418 (400 µg/ml). cDNAs for mouse Kir2.1 and its E224G and E299S mutants ([@bib32]) were provided by L.Y. Jan (University of California, San Francisco, CA) and Y. Kubo (National Institute for Physiological Sciences, Okazaki, Japan), respectively.

Patch-clamp recordings {#s04}
----------------------

Membrane currents were recorded using standard patch-clamp methods ([@bib18]) with an Axopatch 200B amplifier (Molecular Devices) in whole-cell mode, outside-out patch mode, inside-out patch mode, and cell-attached mode. In transient-expression experiments, cells exhibiting green fluorescence were used 16--96 h after transfection. For whole-cell current recordings, HEK293T cells transfected with cDNAs were treated with 0.25% trypsin--EDTA solution (Fujifilm Wako Pure Chemical) on the day of patch-clamp experiments, and dissociated, single, spherical cells were used. For outside-out/inside-out patch recordings, HEK293T cells seeded onto polylysine-coated glass coverslips (Iwaki) on the day of transfection were used. For cell-attached, single-channel recordings, L cells stably expressing Kir2.1 were treated with 0.05% trypsin--EDTA solution (Sigma) on the day of patch-clamp experiments, and dissociated cells were used for recordings. Membrane potentials of Kir2.1-expressing L cells were obtained by the β-escin perforation method ([@bib11]).

The recording chamber (area, 5 × 20 mm; volume, ∼0.5 ml) was mounted on the stage of an inverted microscope (TE-2000U; Nikon) and continuously perfused with bath solution at a rate of ∼2 ml/min. Silicone-coated patch electrodes were made from borosilicate glass capillaries (for excised patch recordings, 1.65 mm OD, 0.165 mm wall thickness from Hilgenberg; for single channel recordings, G-1.5 from Narishige). In excised patch recordings, patch electrodes were fire polished before use (MF-830 microforge; Narishige). Patch pipettes typically had a resistance of 5, 2, and 8--10 MΩ, for whole-cell, excised patch, and single-channel recordings, respectively, when filled with pipette solution of physiological ionic strength. Bath solutions were grounded with an agar/Ag-AgCl bridge containing 3 M KCl. Voltage stimulation and data acquisition were performed with an analogue-to-digital converter (Digidata 1440A; Molecular Devices) using a personal computer and pCLAMP software (versions 9 and 10; Molecular Devices). Single-channel currents were obtained at a sampling rate of 10 kHz and low-pass filtered at 1 kHz. All experiments were conducted at room temperature (23--25°C).

Solution and liquid-junction potentials (*V*~j~) {#s05}
------------------------------------------------

The recording solutions used in the experiments are listed in [Table 1](#tbl1){ref-type="table"}. The standard composition of the modified Tyrode's solution was (in mM) 140 NaCl, 5.4 KCl, 1.8 CaCl~2~, 0.5 MgCl~2~, 0.33 NaH~2~PO~4~, and 5 HEPES (pH adjusted to 7.4 with NaOH); K^+^-free Tyrode's solution was made by subtracting KCl. The intracellular solution for whole-cell recordings contained (in mM) 85 potassium aspartate, 30 KCl, 2 K~2~ATP, 2 K~2~EDTA, 10 KH~2~PO~4~, 5 MgCl~2~, 0.3 Na~2~--guanosine 5′-triphosphate sodium, and 5 HEPES (pH adjusted to 7.2 with KOH). 150 Na/1 Ca (HEPES) solution contained (in mM) 148 NaCl, 1 CaCl~2~, and 5 HEPES (pH adjusted to 7.4 with ∼2 mM of NaOH). The compositions of phosphate-buffered solutions are described in [Table 2](#tbl2){ref-type="table"}. For outside-out/inside-out patch recordings, the pH of the internal (cytoplasmic) solutions was adjusted using phosphate buffer to avoid HEPES-induced inward rectification ([@bib13]), and those phosphate-buffered solutions were also used for external solutions. Assuming the amounts of Ca^2+^ and Mg^2+^ contained in the solution were ∼10 µM each, the free Mg^2+^ and Ca^2+^ concentrations in phosphate-buffered solutions were calculated to be at submicromolar levels ([@bib10]). Solutions containing spermine were made by adding appropriate amounts of spermine--4HCl (Nacalai Tesque) as a 10-mM stock solution in distilled water which was stored in small aliquots at −20°C before use.

###### Solutions used in experiments

  **Figure**                          **Patch configuration**   **External**                                                                   **Internal (cytoplasmic)**   ***V*~j~ uncorrected**[^a^](#ttbl1n2){ref-type="table-fn"}
  ----------------------------------- ------------------------- ------------------------------------------------------------------------------ ---------------------------- -------------------------------------------------------------------------------------------------------------------
  [Fig. 1 A](#fig1){ref-type="fig"}   Whole cell                B: modified Tyrode's solution                                                  P: intracellular solution    +13 mV
  [Fig. 1 B](#fig1){ref-type="fig"}   Outside out               B: modified Tyrode's solution                                                  P: 150 K (phos)              +6 mV
  [Fig. 2](#fig2){ref-type="fig"}     Inside out                P: 150 Na/1 Ca (HEPES)                                                         B: 150 K and 150 Na (phos)   −6 mV
  [Fig. 3](#fig3){ref-type="fig"}     Outside out               B: 150 K, 50 K, 20 K, 10 K, 50 K/100 Na, and 20 K/130 Na (phos)                P: 150 K (phos)              0
  [Fig. 4](#fig4){ref-type="fig"}     Cell attached             P: 150 K, 50 K, 20 K, 50 K/100 Na, and 20 K/130 Na (phos)                      None                         +6, +11, +13, +2, and +1 mV with 150 K, 50 K, 20 K, 50 K/100 Na, and 20 K/130 Na pipette solutions, respectively.
  B: modified Tyrode's solution                                                                                                                                             
  [Fig. 5](#fig5){ref-type="fig"}     Outside out               B: 150 K, 50 K, 20 K, 10 K, 50 K/100 Na, 20 K/100 Na, and 10 K/100 Na (phos)   P: 150 K (phos)              0

B, bath solution; HEPES, HEPES-buffered solution; P, pipette solution; phos, phosphate-buffered solution.

*V*~j~ values (in the bath solution with respect to the pipette solution) were calculated using pCLAMP software (version 10).

###### Compositions of phosphate-buffered solutions (in millimolars)

  **Solution**                                   **150 K**                                                                                                                                                **50 K**                                                                                       **20 K**                                                          **20 K**                          **10 K**                                                          **50 K/100 Na**                                                   **50 K/100 Na**                   **20 K/130 Na**                                                   **20 K/100 Na**                   **10 K/100 Na**                   **150 Na**
  ---------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- ----------------------------------------------------------------- --------------------------------- ----------------------------------------------------------------- ----------------------------------------------------------------- --------------------------------- ----------------------------------------------------------------- --------------------------------- --------------------------------- ---------------------------------
  Figures[^a^](#ttbl2n1){ref-type="table-fn"}    [Figs. 1 B](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}   [Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [5](#fig5){ref-type="fig"}   [Figs. 3](#fig3){ref-type="fig"} and [5](#fig5){ref-type="fig"}   [Fig. 4](#fig4){ref-type="fig"}   [Figs. 3](#fig3){ref-type="fig"} and [5](#fig5){ref-type="fig"}   [Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}   [Fig. 5](#fig5){ref-type="fig"}   [Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}   [Fig. 5](#fig5){ref-type="fig"}   [Fig. 5](#fig5){ref-type="fig"}   [Fig. 2](#fig2){ref-type="fig"}
  KCl                                            120                                                                                                                                                      20                                                                                                                                                               10                                                                                                  50                                                                20                                20                                                                                                                                    
  K~2~EDTA[^b^](#ttbl2n2){ref-type="table-fn"}   4                                                                                                                                                        4                                                                                              2                                                                 1                                 1                                                                                                                                   4                                                                                                   2                                 1                                 
  K~2~HPO~4~                                     7.2                                                                                                                                                      7.2                                                                                            7.2                                                               3.6                               3.6                                                                                                                                 7.2                                                                                                 7.2                               3.6                               
  KH~2~PO~4~                                     2.8                                                                                                                                                      2.8                                                                                            2.8                                                               1.4                               1.4                                                                                                                                 2.8                                                                                                 2.8                               1.4                               
  KOH[^c^](#ttbl2n3){ref-type="table-fn"}        ∼3.9                                                                                                                                                     ∼3.2                                                                                           ∼1.1                                                              ∼0.7                              ∼0.5                                                                                                                                ∼3.2                                                                                                ∼1.1                              ∼0.5                              
  NaCl                                                                                                                                                                                                                                                                                                                                                                                                                                                                         70                                                                100                               100                                                               100                               100                               120
  Na~2~EDTA                                                                                                                                                                                                                                                                                                                                                                                                                                                                    4                                                                                                   4                                                                                                                                     4
  Na~2~HPO~4~                                                                                                                                                                                                                                                                                                                                                                                                                                                                  6.8                                                                                                 6.8                                                                                                                                   6.8
  NaH~2~PO~4~                                                                                                                                                                                                                                                                                                                                                                                                                                                                  3.2                                                                                                 3.2                                                                                                                                   3.2
  NaOH[^c^](#ttbl2n3){ref-type="table-fn"}                                                                                                                                                                                                                                                                                                                                                                                                                                     ∼3                                                                                                  ∼3                                                                                                                                    ∼2.6
  Total \[K^+^\]                                 149.1                                                                                                                                                    48.4                                                                                           22.3                                                              21.3                              11.1                                                              50.0                                                              48.4                              20.0                                                              22.3                              11.1                              0
  Ionic strength (M)                             0.168                                                                                                                                                    0.067                                                                                          0.036                                                             0.028                             0.018                                                             0.167                                                             0.167                             0.167                                                             0.136                             0.118                             
  Activity coefficient (dimensionless)           0.75                                                                                                                                                     0.80                                                                                           0.84                                                              0.85                              0.88                                                              0.75                                                              0.75                              0.75                                                              0.76                              0.77                              
  \[K^+^\] activity                              112.5                                                                                                                                                    38.9                                                                                           18.7                                                              17.8                              9.7                                                               37.7                                                              36.5                              15.1                                                              17.0                              8.6                               

Figures showing the experiment in which the solution was used.

For calculating ionic strength, fractions of HEDTA^3−^ and H~2~EDTA^2−^ at pH 7.2 were assumed to be 0.915 and 0.08 of the total EDTA, respectively.

pH was adjusted to 7.2 with KOH or NaOH.

Data analysis {#s06}
-------------

Currents (*I*) and membrane potentials (*V*) were obtained from the digitalized data using pCLAMP software (versions 9 and 10). Membrane potentials were not corrected for the liquid-junction potentials (*V*~j~) between the bath and pipette solutions used to offset electrode potentials at the beginning of individual experiments ([Table 1](#tbl1){ref-type="table"} for the uncorrected *V*~j~ values). Chord conductances (*G*) of macroscopic currents were calculated as *G* = *I*/(*V* − *V*~rev~), where *V*~rev~ is the reversal potential of the currents. Amplitudes of single-channel currents (*i*) were obtained as the difference between the peaks of Gaussian curves fitted to all-points histograms of the currents using pCLAMP (version 10). Fittings of data to theoretical lines were performed with Origin software (version 2016J; OriginLab).

Because the ionic strength varied among external solutions when the effects of different \[K^+^\]~out~ were examined, the K^+^ concentration in the solutions was replaced with K^+^ activity in some figures. The K^+^ activity in solutions was calculated from the activity coefficient *f* obtained using the Davies equation ([@bib9]; [@bib57]), log*f* = −0.51 \[*I*^0.5^/(1 + *I*^0.5^) − 0.3*I*\], at the ionic strength (*I*) of the solution, determined as *I* = 0.5∑*c*~i~*z*~i~^2^, where *c*~i~ is the concentration of ion *i* in the solution, and *z*~i~ is its charge. The values for ionic strength, activity coefficient, and K^+^ activity in solutions are described in [Table 2](#tbl2){ref-type="table"}.

Analysis of the inhibitory effects of Na^+^ on Kir2.1 conductance {#s07}
-----------------------------------------------------------------

The effects of 100 mM external Na^+^ on the polyamine-unblocked Kir2.1 conductance at different \[K^+^\]~out~ were analyzed using the Lineweaver--Burk equation (double reciprocal form of the Michaelis-Menten equation):$$1/G\left( V \right) = \left\{ K_{m}\left( V \right)/G_{\max}\left( V \right) \right\} \cdot \left( 1/\left\lbrack K^{+} \right\rbrack_{out} \right) + 1/G_{\max}\left( V \right),$$where *G*(*V*) is the chord conductance at different membrane potentials, and *G*~max~(*V*) is its maximum value at \[K^+^\]~out~ = infinity at each membrane potential. For *G*(*V*) values, those normalized to that at 150 mM \[K^+^\]~out~ (0 Na^+^) in each experiment were used. Because the y-axis intercept of the straight lines fitted to the relations between 1/\[K^+^\]~out~ and 1/*G*(*V*), which indicates the 1/*G*~max~(*V*) value, was found to be at a value near 1 at all membrane potentials examined, the apparent K~m~(*V*) values in the presence and absence of 100 mM Na^+^ were obtained from the respective slopes of the straight lines. Because the analysis showed that the effect of Na^+^ on the Kir2.1 conductance was competitive with external K^+^, the dissociation constant for Na^+^ (K*~i~*~(Na)~) at each membrane potential was obtained from those K~m~(*V*) values using the following equation:$$K_{m{({with~100~mM~Na})}}\left( V \right) = K_{m{({without~Na})}}\left( V \right) \cdot \left\{ 1 + 100/K_{i(Na)}\left( V \right) \right\}.$$

Reconstruction of the external Na^+^ effects on the \[K^+^\]~out~ dependence of the sKir *I--V* relationship {#s08}
------------------------------------------------------------------------------------------------------------

The *I--V* relationships at different \[K^+^\]~out~ levels (3.5, 10, and 40 mM) in the absence and presence of external Na^+^ (140 and 120 mM) were reconstructed using the *E*~K~ value calculated using 150 mM internal K^+^ and the relative chord conductances calculated as follows:
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where \[Na^+^\]~out~ is the external Na^+^ concentration. The fractional currents in the presence of endogenous cytoplasmic polyamines were reconstructed using 10 µM spermine and the voltage-dependent dissociation constant for the low-affinity spermine block of Kir2.1, which regulates the amplitude of outward currents near *E*~K~ ([@bib25]).

Statistical analysis {#s09}
--------------------

The error bars shown in the figures indicate SD with the number of data points (*n*) given in parentheses. Statistical analysis was undertaken using Origin software (version 2016J).

Online supplemental material {#s10}
----------------------------

Fig. S1 shows the Lineweaver--Burk plots for the open (polyamine-unblocked) Kir2.1 channel conductance at various \[K^+^\]~out~ levels obtained at different membrane potentials.

Results {#s11}
=======

Loss of phenomenal external K^+^-free inhibition in Kir2.1 with reduced inward rectification {#s12}
--------------------------------------------------------------------------------------------

As was shown with native sKir channels, Kir2.1 was completely inhibited by removing K^+^ from the external solution, which appears similar to the complete blockade of the currents caused by 5 mM external Ba^2+^ ([Fig. 1 A](#fig1){ref-type="fig"}; WT; representative of 12 experiments). We then examined Kir2.1 with an E224G or E299S mutation, which shows significantly reduced inward rectification because of lowered sensitivities to blockade by cytoplasmic polyamines ([@bib58]; [@bib63]; [@bib32]). The mutant channels showed prominent outward currents at 0 \[K^+^\]~out~ throughout the entire voltage range examined, although their Ba^2+^ sensitivities were unaffected ([Fig. 1 A](#fig1){ref-type="fig"}; E224G and E299S; representative of five and eight experiments, respectively). These results suggested that the significantly reduced channel blockade by polyamines allowed outward sKir currents to flow at 0 \[K^+^\]~out~.

![**Loss of phenomenal external K^+^-free inhibition in Kir2.1 with reduced inward rectification. (A)** Whole-cell currents and *I--V* relationships obtained from the WT channel and point mutants (E224G and E299S) using 5.4 mM K^+^ Tyrode's (top), Tyrode's with 5 mM Ba^2+^ (middle), and K^+^-free Tyrode's (bottom) external solutions. Test pulses were applied from a holding potential of −30 mV, and current amplitudes were measured at the end of the step pulses. Current traces are shown at test potentials between −120 and 0 mV in 10-mV steps. Cells contain endogenous cytoplasmic polyamines. Dashed lines superimposed on current traces indicate the zero-current level. **(B)** K^+^ efflux through Kir2.1 under the external K^+^-free condition was observed using a polyamine-free, 150-mM K^+^ internal solution. The external solution was switched between 5.4 mM K^+^ (top) and K^+^-free (bottom) Tyrode's solutions; currents were recorded from an outside-out patch membrane in the sequence indicated alphabetically in the figure (*a--e*). A depolarizing ramp pulse (1 V s^−1^) was used to obtain *I-V* relationships.](JGP_201711936_Fig1){#fig1}

We made outside-out patches with polyamine-free, 150 mM K^+^ internal solution, and the external solution was switched between 5.4 mM K^+^ and K^+^-free Tyrode's solutions, just as in the whole-cell recordings ([Fig. 1 B](#fig1){ref-type="fig"}; representative of five independent experiments). The currents observed at 5.4 mM \[K^+^\]~out~ showed a *V*~rev~ that was near *E*~K~ (approximately −85 mV) and immediately exhibited weak inward rectification ([Fig. 1 B](#fig1){ref-type="fig"}, top, trace *a*). Upon making the external solution K^+^-free, outward currents flowed over the entire voltage range ([Fig. 1 B](#fig1){ref-type="fig"}, bottom, trace *b*) and could be completely and reversibly inhibited by 5 mM external Ba^2+^ ([Fig. 1 B](#fig1){ref-type="fig"}, bottom, traces *c* and *d*), as were the currents at 5.4 mM \[K^+^\]~out~ ([Fig. 1 A](#fig1){ref-type="fig"}). The outward currents observed at 5.4 mM and 0 \[K^+^\]~out~ both increased with time ([Fig. 1 B](#fig1){ref-type="fig"}, bottom, trace *d* and top, trace *e*), which is consistent with depletion of endogenous polyamines from the submembrane space.

Complete inhibition of sKir currents at 0 \[K^+^\]~out~ is caused solely by the "polyamine block" {#s13}
-------------------------------------------------------------------------------------------------

When inside-out patches made with a K^+^-free (150 mM Na^+^) external solution were bathed in internal (cytoplasmic) 150 mM K^+^ solution containing no polyamines, no currents were detected immediately after the patch excision, but outward currents soon emerged over the entire voltage range examined, which is consistent with K^+^ currents occurring with a very negative *E*~K~ in 0 \[K^+^\]~out~ solution ([Fig. 2 A](#fig2){ref-type="fig"}, immediate and 60 s). The outward currents showed a slow decay, which is commonly observed with Kir2 channels and reflects the difficulty of removing trace amounts of endogenous polyamines from the submembrane space of patch membranes ([@bib38]). That the outward currents are mediated by K^+^ ions was confirmed by switching the internal solution to a K^+^-free one (150 mM Na^+^), which reversibly eliminated the currents ([Fig. 2 A](#fig2){ref-type="fig"}).

![**Polyamine block completely inhibits the outward currents of Kir2.1 at 0 \[K^+^\]~out~. (A)** Outward K^+^ currents and their *I--V* relationships obtained from an inside-out patch membrane using K^+^-free (150 mM Na^+^) external solution ∼60 s after excising the patch in polyamine-free, 150 mM K^+^ solution. Currents were not observed immediately after patch excision. Test pulses were applied from a holding potential of −100 mV. Subsequent disappearance of the outward currents with K^+^-free (150 mM Na^+^) internal solution and their recovery are also shown. **(B)** Inhibition of the outward currents observed under the external K^+^-free (150 mM Na^+^) condition with subsequent application of 0.1--10 µM cytoplasmic spermine. Currents were recorded from an inside-out patch membrane using test pulses applied from a holding potential of −80 mV and followed by a step pulse to 0 mV. Left: Selected current traces obtained at test potentials between −100 and 20 mV in 10-mV steps. Top right: *I--V* relationships obtained at the end of test pulses. Bottom right: Amplitudes of tail currents during the subsequent step to 0 mV, reflecting fractional openings of Kir2.1 at the end of the test pulses. Dashed lines superimposed on current traces indicate the zero-current level. Data are representative of eight independent experiments.](JGP_201711936_Fig2){#fig2}

The outward currents observed using K^+^-free (150 mM Na^+^) external solution and polyamine-free internal solution were inhibited by 0.1--10 µM internal (cytoplasmic) spermine, like those observed in the presence of external K^+^ ([@bib25]; [@bib26]; [Fig. 2 B](#fig2){ref-type="fig"}, left and top-right). The tail currents observed after the test pulses showed that the conductance was inhibited by spermine in a concentration- and voltage-dependent manner ([Fig. 2 B](#fig2){ref-type="fig"}, lower-right). Notably, 10 µM spermine, which has been shown to restore the native sKir rectification in Kir2.1 ([@bib25]; [@bib26]), completely and reversibly suppressed the emergent outward currents. These findings indicate that inhibition of Kir2.1 as well as that of native sKir channels using external K^+^-free solutions results solely from channel blockade caused by intracellular polyamines, which is enhanced by an enlarged *V* − *E*~K~ at 0 \[K^+^\]~out~.

External K^+^ dependence of the open (polyamine-unblocked) Kir2.1 conductance {#s14}
-----------------------------------------------------------------------------

The results indicated that Kir2.1 is constitutively open in the absence of external K^+^. On the other hand, the open sKir channel conductance is reportedly proportional to the square root of \[K^+^\]~out~, which may reflect facilitation of K^+^ permeation by external K^+^. We therefore examined the \[K^+^\]~out~ dependence of polyamine-unblocked macroscopic Kir2.1 conductance with a polyamine-free internal solution and a hyperpolarizing prepulse that ensured relief of the block by residual endogenous polyamines ([Fig. 3, A and B](#fig3){ref-type="fig"}). When \[K^+^\]~out~ was reduced to \<150 mM without cation substitution, current amplitude did not markedly decrease. The instantaneous *I*--*V* relationships reflecting the polyamine-unblocked conductance remained nearly ohmic (with slight inward rectification), even under asymmetric K^+^ conditions, as was previously shown ([@bib44]; [@bib36]). With Na^+^ substitution, however, the inward currents in particular decreased as \[K^+^\]~out~ was lowered, exhibiting a weak outward rectification in the *I*--*V* relationships. In the absence of Na^+^, the chord conductance (*G*) of the polyamine-unblocked channels showed a similar monotonic decline as the voltage became more positive for all \[K^+^\]~out~, but it showed a marked \[K^+^\]~out~ dependence with an inverse voltage dependence when Na^+^ was substituted ([Fig. 3 C](#fig3){ref-type="fig"}). The inhibitory effect of Na^+^ on the conductances exhibited a sigmoidal voltage dependence ([Fig. 3 D](#fig3){ref-type="fig"}). Fittings of the Boltzmann equation to the relations at 20 mM \[K^+^\]~out~ indicated that Na^+^ blocks Kir2.1 channels at a site within the membrane electric field at an apparent electrical distance of 0.18 ± 0.1 (*n* = 3) from the outside.

![**\[K^+^\]~out~ dependence of the polyamine-unblocked Kir2.1 conductance. (A)** Representative currents recorded from an outside-out patch membrane at different \[K^+^\]~out~ levels (150, 50, and 20 mM) in the absence (top) and presence (bottom) of Na^+^ substitution (\[K^+^\]~out~ + \[Na^+^\]~out~ = 150 mM). Holding potentials were set near the theoretical *E*~K~ value at each \[K^+^\]~out~, and a 10-ms hyperpolarizing prepulse (60 mV negative to HP) ensured relief of any polyamine block before applying test pulses. Traces are at potentials between −80 and 80 mV relative to the holding potentials. Dashed lines superimposed on current traces indicate the zero-current level. **(B)** Instantaneous *I--V* relationships at the onset of test pulses obtained from the currents shown in A. **(C)** Chord conductances (*G*) plotted against *V*--*V*~rev~, obtained from the *I--V*s shown in B. **(D)** Voltage dependence of Na^+^ inhibition. Fractional inhibition of conductances observed with Na^+^ substitution at 50 mM and 20 mM \[K^+^\]~out~ was obtained from the data shown in C and was plotted against *V*. Lines are the fits to the Boltzmann equation: fractional inhibition = 1/{1 + exp\[−(*V* − *V*~1/2~)\]/*s*}, with *s* = 86 mV. In this experiment, the electrical distance (δ) of the Na^+^ blocking site is ∼0.3 from the outside. **(E)** \[K^+^\]~out~ dependence of the polyamine-unblocked conductance with and without Na^+^ substitution. Relative *G* values (normalized to the value at 150 mM \[K^+^\]~out~ (0 Na^+^) in each experiment) are plotted against external K^+^ activity on double-logarithmic coordinates (left: *V*~rev~ −40 mV; right: *V*~rev~ +40 mV). Error bars represent SD. The slopes of the dashed lines are 0.29 and 0.22 in the left and right panels, respectively.](JGP_201711936_Fig3){#fig3}

With Na^+^ substitution, the relations between \[K^+^\]~out~ and the chord conductances plotted on double logarithmic coordinates could be approximated by a linear slope with factors of 0.29 and 0.22 at 40 mV negative and positive to *V*~rev~, respectively ([Fig. 3 E](#fig3){ref-type="fig"}). Because this \"square root\" of the \[K^+^\]~out~ dependence of sKir conductance has been attributed to the properties of the single-channel conductance ([@bib52]), we recorded single-channel currents with and without Na^+^ substitution in the cell-attached mode, as they were previously performed. When a portion of the K^+^ ions were substituted with Na^+^, the unitary current amplitudes were markedly reduced as \[K^+^\]~out~ was lowered from 150 mM to 50 and 20 mM ([Fig. 4 A](#fig4){ref-type="fig"}). The *i--V* relationships under different external conditions were all nearly linear within the voltage range examined ([Fig. 4 B](#fig4){ref-type="fig"}). The slope conductance of the relationships obtained by fitting a straight line only marginally decreased as \[K^+^\]~out~ was decreased in the absence of external Na^+^, whereas it noticeably decreased in the presence of Na^+^ substitution ([Fig. 4 C](#fig4){ref-type="fig"}). With Na^+^ substitution, the relationship between \[K^+^\]~out~ and slope conductance plotted on double logarithmic coordinates could be approximated by a linear slope with a factor of 0.41. These findings indicated that the square-root of \[K^+^\]~out~ dependence of Kir2.1 conductance is mediated by the effects of external Na^+^ on the single-channel conductance.

![**Inhibition of single-channel conductance of Kir2.1 by external Na^+^. (A)** Single-channel currents recorded at different \[K^+^\]~out~ levels (150, 50, and 20 mM) in the absence and presence of Na^+^ substitution (\[K^+^\]~out~ + \[Na^+^\]~out~ = 150 mM). Currents were recorded in the cell-attached mode from L cells stably expressing Kir2.1. Shown on the top are typical whole-cell currents recorded from Kir2.1-expressing L cells immersed in Tyrode solution at membrane potentials between −130 and +40 mV. The membrane potentials (means ± SD) of the cells (*V*~cell~) measured by escin perforation were −47 ± 3 mV (*n* = 5); patch membrane potentials (*V*~P~) indicated near the current traces were calculated by assuming the membrane potential of the cells was −50 mV. Dashed lines superimposed on current traces indicate the closed-state level. **(B)** *i*--*V*~P~ relationships obtained from cell-attached patches at different \[K^+^\]~out~ in the absence (left) and presence (right) of Na^+^ substitution. Relationships are fitted with straight lines. **(C)** \[K^+^\]~out~ dependence of the single-channel conductance in the presence and absence of Na^+^ substitution shown on double-logarithmic coordinates. Error bars represent SD. The slope of the dashed line is 0.41.](JGP_201711936_Fig4){#fig4}

External Na^+^ is a competitive inhibitor of the K^+^ conductance through Kir2.1 {#s15}
--------------------------------------------------------------------------------

For both the polyamine-unblocked macroscopic conductance ([Fig. 3](#fig3){ref-type="fig"}) and single-channel conductance ([Fig. 4](#fig4){ref-type="fig"}), a relatively small increase in the Na^+^ concentration (100 and 130 mM) evoked a marked difference in its inhibitory effect on Kir2.1 conductance at 50 mM and 20 mM \[K^+^\]~out~, which suggests the effect of Na^+^ on K^+^ conductance may be competitive with external K^+^. We therefore analyzed the Lineweaver--Burk plots of the polyamine-unblocked macroscopic Kir2.1 conductance at various \[K^+^\]~out~ levels (10, 20, and 50 mM) in the absence and presence of 100 mM external Na^+^ ([Fig. 5 A](#fig5){ref-type="fig"}). The relations between 1/\[K^+^\]~out~ and 1/*G*(*V*) obtained in the presence and absence of Na^+^ crossed the y axis (i.e., 1/\[K^+^\]~out~ = 0) at similar values (∼1) at all voltages (see also Fig. S1), indicating that inhibition of conductance by external Na^+^ is competitive with external K^+^ ions. Apparent K~m~ values of \[K^+^\]~out~ for the K^+^ conductance in the absence and presence of 100 mM Na^+^ (at different voltages) were obtained from the slope of the Lineweaver--Burk plots, and the dissociation constants for the inhibition (*K~i~*) by Na^+^ (at different voltages) were determined from those values ([Fig. 5 B](#fig5){ref-type="fig"}). The K~m~ values for the K^+^ conductance were less than a few millimolars at all voltages, which matches the apparent saturation of K^+^ permeation at \>10 mM \[K^+^\]~out~ ([Fig. 3 E](#fig3){ref-type="fig"}). The estimated *K~i~* values for Na^+^ ranged between ∼20 mM at −90 mV and ∼70 mM at +50 mV. These parameters successfully reproduced the \[K^+^\]~out~ and voltage dependences of the open (polyamine-unblocked) channel K^+^ conductance observed in the experiments ([Fig. 5 C](#fig5){ref-type="fig"}; compare with [Fig. 3 C](#fig3){ref-type="fig"}).

![**External Na^+^ is a competitive inhibitor of K^+^ conductance through Kir2.1. (A)** Lineweaver--Burk plot of the open (polyamine-unblocked) Kir2.1 conductance (*G*) at various \[K^+^\]~out~ levels (50, 20, and 10 mM) in the presence and absence of 100 mM external Na^+^ (left: −100 mV; right: 0 mV). The relative *G* values are the chord conductances normalized to the value obtained at 150 mM \[K^+^\]~out~ (0 Na^+^) in each experiment at each *V*. Error bars represent SD. **(B)** Apparent K~m~ values for Kir2.1 conductance in the presence and absence of 100 mM Na^+^ obtained from the slopes of the Lineweaver--Burk plots (left) and *K~i~* values for Na^+^ inhibition (right). Lines show K~m\ (without\ Na)~(*V*) = 2.2 ⋅ exp(*V*/601) and *K*~i(Na)~(*V*) = 51 ⋅ exp(*V*/115). **(C)** Simulation of the inhibitory effects of external Na^+^ on polyamine-unblocked Kir2.1 conductance. *G*/*G*~max~(*V*) values at different external conditions were calculated using *G*(*V*) = {*G*~max~(*V*) ⋅ \[K^+^\]~out~}/{*K*~m\ (without\ Na)~ ⋅ (1 + \[Na^+^\]~out~/*K*~i(Na)~) + \[K^+^\]~out~}. See Materials and methods for the details of the analysis.](JGP_201711936_Fig5){#fig5}

Discussion {#s16}
==========

The proportionality of the open sKir channel conductance to \[K^+^\]~out~ (with a power of ∼0.5) suggests that interaction of external K^+^ with the channel may enhance its bidirectional permeation. In line with this notion, complete inhibition of sKir channel currents by external K^+^-free solution implies that the channels may be closed or K^+^ ions may not permeate the channels in the absence of external K^+^. The present study, however, revealed that the properties are mediated by the impermeant cations Na^+^ and polyamines. The complete disappearance of currents under the external K^+^-free condition was produced solely by a complete pore blockade caused by cytoplasmic polyamines, which occurs physiologically during membrane depolarization when there is an increased outward driving force for K^+^. The square-root proportionality of the open K^+^ conductance to \[K^+^\]~out~ reflected a fast pore blockade by physiologic concentrations of external Na^+^, which is competitive with external K^+^ ([Fig. 6](#fig6){ref-type="fig"}). These results indicate that the two phenomena are not mediated by an interaction of K^+^ with sKir channels, which plays a functional role in activating or facilitating the K^+^ permeation.

![**\[K^+^\]~out~ dependence of sKir currents reconstructed using Na^+^ block in competition with external K^+^.** An increase in external K^+^ ions surmounts the fast-pore block of sKir channels by external Na^+^, thereby increasing both the inward and outward currents. The channel blockade by external Na^+^ shows a weak voltage dependence. Blockade of sKir channels by cytoplasmic polyamines (spermine), which causes their inward rectification, depends on *V* -- *E*~K~ when the \[K^+^\]~out~ is changed. Shown are theoretical currents calculated at 3.5 mM (blue), 10 mM (green), and 40 mM (magenta) \[K^+^\]~out~ levels in the absence of both external Na^+^ and cytoplasmic polyamines (dashed lines), in the presence of 140 mM external Na^+^ and no cytoplasmic polyamines (continuous lines with faint colors), and in the presence of 140 mM external Na^+^ and cytoplasmic polyamines (continuous lines with bold colors). Theoretical currents at 120 mM external Na^+^ (in the presence of polyamines) are also superimposed at each \[K^+^\]~out~ (gray), but are only partly visible. Current amplitudes are given in arbitrary units. See Materials and methods for the details of calculations.](JGP_201711936_Fig6){#fig6}

We first showed that the complete inhibition of Kir2.1 currents in external K^+^-free solution simply reflects the behavior of the polyamine blockade, which is apparently dependent on *V* -- *E*~K~ ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Conversely, the finding confirmed that cytoplasmic polyamines do not penetrate or enhance K^+^ efflux through sKir (Kir2) channels upon increasing *V* -- *E*~K~ (known as "punch-through" effect); that is, sKir channels do not exhibit *N*-shaped *I--V* relations by carrying outward currents during large depolarizations. In contrast, the effects of polyamines as a permeant blocker have been observed with other subtypes of Kir channels exhibiting weaker rectification ([@bib41]; [@bib34]).

The present results showed that Kir2.1 is open in the absence of external K^+^ unless it is blocked by polyamines. However, we were unable to quantify the polyamine-unblocked conductance at 0 \[K^+^\]~out~ because it is impossible to apply a prepulse to a voltage more negative than "*E*~K~" to relieve the block caused by residual endogenous polyamines stuck in the submembrane compartment. Instead, the finding led us to reexamine the effects of \[K^+^\]~out~ on macroscopic Kir2.1 conductance in the absence of a polyamine block ([@bib36]) over the \[K^+^\]~out~ and voltage ranges commonly used in previous studies of native sKir channels ([Fig. 3](#fig3){ref-type="fig"}). The polyamine-unblocked conductances for macroscopic inward and outward currents nearly saturated at \[K^+^\]~out~ at less than ∼10 mM. A concordant finding was obtained for the single channel conductance ([Fig. 4](#fig4){ref-type="fig"}). A low K~m~ value for K^+^ permeation, comparable to the present study ([Fig. 5 B](#fig5){ref-type="fig"}), was also reported for Kir1.1 ([@bib64]). The saturation of sKir channel conductance with K~m~ values higher than we obtained was previously demonstrated using various methods and conditions (210 mM \[[@bib52]\]; \>150 mM \[[@bib36]\]; and 40 mM \[[@bib55]\]). In some of those studies, however, K^+^ was substituted with Na^+^, which may have caused them to be biased to some extent by the effect of Na^+^, as we demonstrated ([Fig. 5 B](#fig5){ref-type="fig"}). In the present study, the \[K^+^\]~out~ dependence of polyamine-unblocked conductances was obtained without compensating for the reduced K^+^, as was previously done ([@bib44]; [@bib36]; [@bib26]; [@bib5]), because a large variety of cation species, including Tris, choline, Li^+^, tetramethylammonium, and NMDG, are all known to interfere with sKir conductances ([@bib3]; [@bib19]). Consequently, an increase in the negative surface charges caused by the use of low ionic strength (low \[K^+^\]~out~) solution could have biased our results by increasing the local K^+^ concentration near the outermost K^+^-selective site in the permeation pathway ([@bib40]; [@bib8]). However, we suspect that this effect, which should be essentially voltage independent, contributed only to a limited extent over the \[K^+^\]~out~ range examined in the present study, as conductances obtained in the absence and presence of Na^+^ substitution (keeping the ionic strength constant) did not significantly differ at large positive voltages ([Fig. 3 D](#fig3){ref-type="fig"}).

Linear relations between \[K^+^\]~out~ and inward K^+^ conductances on double logarithmic coordinates ([Fig. 3 E](#fig3){ref-type="fig"}, left) have been observed with sKir channels (with slopes of ∼0.5 \[[@bib16]\], 0.62 \[[@bib52]\], 0.21 \[[@bib43]\], 0.29 \[macroscopic current in this study\] and 0.41 \[unitary current in this study\]) as well as in different subtypes of inward rectifiers, including cardiac ATP-sensitive K^+^ channels (Kir6.2; with a slope of 0.24 \[[@bib30]\]) and cardiac muscarinic K^+^ channels (Kir3.1/3.4; with a slope of 0.48 \[[@bib50]\]). In each of these cases, Na^+^ was used to replace K^+^. Thus, a common mechanism may underlie the \[K^+^\]~out~ dependence of the open conductance in the Kir family. The Goldman--Hodgkin--Katz constant field theory or the multi-ion, single-file pore model might explain the empirical property described above ([@bib6]; [@bib22]; [@bib36]), yet a mechanism whereby external K^+^ "activates" K^+^ permeation has also been proposed for Kir3.1/3.4 ([@bib7]). In a more recent study of Kir2.1 ([@bib5]), it was shown that the peak amplitudes of outward currents obtained in the presence of an endogenous polyamine block exhibit a marked \[K^+^\]~out~ dependence through the effects of external Na^+^ and Ca^2+^, which is consistent with the present results but differs in that it was attributed to the effects on the negative surface charges as well as the above "K^+^-activation mechanism." Our results showed that the \[K^+^\]~out~ dependence of the "open channel" conductance simply reflects a pore blockade induced by Na^+^ at ∼20% of the electrical distance from the extracellular surface. In single-channel recordings of cardiac sKir channels, the conductance obtained with asymmetrical K^+^ concentrations without cation substitution is fairly "ohmic" ([@bib43], [@bib44]), as we and others have found with macroscopic Kir2.1 currents obtained in the absence of the polyamine block ([Fig. 3](#fig3){ref-type="fig"} in this study and [@bib36]). Moreover, the unitary current--voltage relationship exhibited an outward rectification with 25 mM K^+^ + 125 mM Na^+^ external solution ([@bib45]), which is also consistent with the effects of Na^+^ on the polyamine-unblocked conductance shown in this study ([Fig. 3 B](#fig3){ref-type="fig"}). In the present study, external Na^+^ inhibited single-channel conductance of inward Kir2.1 currents ([Fig. 4](#fig4){ref-type="fig"}). It was also shown for Kir1.1 that a voltage-dependent pore blockade by Na^+^ is manifested as a reduction in unitary current amplitudes, which suggests the fast kinetics of the channel blockade are unresolved at the recoding bandwidth ([@bib64]). These findings all support our conclusion. It should be noted that through pore blockade, external Na^+^ causes significant time- and voltage-dependent inactivation of inward currents through native sKirs during large hyperpolarizations ([@bib51]; [@bib56]; [@bib3]). In our experiments with Kir2.1, the time-dependent decay of inward currents was not evident in the macroscopic currents recorded in the presence of Na^+^ over the voltage range and the timescale of hyperpolarization used ([Fig. 3 A](#fig3){ref-type="fig"}).

Although sKir channels (the *I*~K1~ channel in the heart) carry much less current in the outward direction than the inward direction, the outward currents through the sKir channels show significant amplitudes compared with the other ionic currents in the human heart ([@bib23]), and it is the outward current that has a pivotal role in cardiac physiology and pathophysiology. In the case of increasing \[K^+^\]~out~, both a shift of the *I--V* relation in the depolarized direction and an increase in the open-channel conductance occur with sKir channels, and vice versa, and these two factors cause the shortening and prolongation of cardiac action potentials observed with hyperkalemia and hypokalemia, respectively ([@bib47]). The present study revealed that the paradoxical increase in K^+^ efflux through the open sKir channel with elevated \[K^+^\]~out~ is a consequence of surmounting the competitive inhibition caused by Na^+^, which provides a mechanistic explanation for this important cardiac function. With the severe hyponatremia (\<120 mM) observed under some pathologic conditions, the present mechanism may increase outward K^+^ efflux through sKir channels, although the effect appears to be insignificant by itself, as is predicted in [Fig. 6](#fig6){ref-type="fig"}.
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